The fate of cells under anoxic or ischemic stress is determined by intracellular signaling pathways including the mitogen-activated protein kinases (MAPKs) and phosphatidylinositol 3-kinase (PI3K/Akt), which affect downstream members of the apoptotic cascade. The freshwater turtle Trachemys scripta is extremely tolerant of anoxia, surviving up to 48 h at room temperature and for weeks at 31C in the complete absence of oxygen. We investigated the relationship between the neuroprotective purine adenosine, which increases greatly in the anoxic turtle brain, and MAPK and Akt activation during both short (1 h) and long-term (4 h) anoxia. ERK1/2 and Akt were significantly upregulated during the first hour of transition to full anoxia, but returned to baseline by 4 h anoxia. Conversely, p38MAPK levels were suppressed by a mean 71% at 1 h anoxia but also returned to baseline by 4 h anoxia. Systemic administration of the general adenosine receptor antagonist aminophylline abrogated the increases in both phosphorylated ERK1/2 and Akt, as well as the initial suppression of p38MAPK. The differential modulation of the MAPK/Akt pathways may be critical for neuronal protection during the initial transition to the hypometabolic state during anoxia, when physiologic stress is likely to be greatest.
Introduction
Among mammals, oxygen deprivation is a pathologic event associated with occurrences like stroke and cardiovascular disorders. Under physiologic stress, cells activate multiple signaling cascades that determine their fate, and ischemic or anoxic survival may thereby depend on the balance between pro-and antiapoptotic molecular pathways (Martindale and Holbrook, 2002) . Although the inhibition of death signaling pathways may enhance cell survival, promoting endogenous protective and repair mechanisms is likely to be equally important for neuroprotection (Downey et al, 2007) . Among the signaling components affected by anoxia/ reoxygenation and ischemia/reperfusion are the mitogen-activated protein kinase (MAPK) family and phosphatidylinositol 3-kinase (PI3K/Akt). The MAPKs are a superfamily of serine/threonine kinases involved in regulating a wide array of cellular processes, including cell proliferation, differentiation, stress adaptation, and apoptosis. They are divided into three multimember families, which include the extracellular signal-regulated kinases (ERK), c-Jun-N-terminal kinases (JNK), and the p38 kinases (for review see Martindale and Holbrook, 2002) . These families are activated by independent, but sometimes overlapping, signaling cascades, so that activation through membrane or cytoplasmic receptors may lead to the translocation of a terminal kinase to the nucleus and ultimately result in alterations in gene expression and other cell functions. For example, ERK is activated in response to growth factors, cytokines, and ischemia (Wu et al, 2000; Sugino et al, 2000) , and activation of the MAPK/ERK pathway leads to the phosphorylation of a number of cellular substrates that modulate cell growth, differentiation, and survival (Gu et al, 2001; Martindale and Holbrook, 2002) .
Despite a great deal of investigation, however, the exact role of individual MAPK pathways in hypoxic/ischemic cells is still uncertain, with studies indicating both prosurvival and proapoptotic roles, depending on the cell type and model system ( Figure 1) . Activation of the Akt pathway is generally accepted to be antiapoptotic (Kilic et al, 2006) , whereas prolonged activation of p38-MAPK promotes neuronal apoptosis (Irving et al, 2000) and its inhibition increases neuronal survival in vitro (Horstmann et al, 1998) and in vivo after stroke (Barone et al, 1999) . However, activation of p38-MAPK also prevents cell death during neuronal differentiation (Okamato et al, 2000) . Activation of ERK has also been found to enhance cell survival under multiple conditions (Irving et al, 2000; Li et al, 2003) , including oxidative stress (Guyton et al, 1996a, b) , whereas other studies suggest that ERK activation can contribute to apoptosis in response to oxidant injury and after brain ischemia. Martindale and Holbrook (2002) commented that whether ERK is pro-or antiapoptotic may depend on the kinetics and duration of its activation, as ERK activity appears to be both more rapid and more transient in cases where survival is enhanced (Guyton et al, 1996a, b; Li et al, 2003) , whereas delayed, sustained activation increases apoptosis (Martindale and Holbrook, 2002; Vartiainen et al, 2003) .
The role of the different isoforms of JNK in cell survival, too, is unclear. Many studies have shown that JNK activation is correlated with cell death or apoptosis, especially after brain ischemia (Sugino et al, 2000; Gu et al, 2001; Guan et al, 2006) . But it is also possible that JNK is activated as part of a failed attempt at survival, and thus may be protective (Sommer et al, 1995) . Part of the difficulty in determining whether a particular pathway is pro-survival or proapoptotic is that mammalian cells simultaneously exhibit both physiologic and pathologic responses to stressors such as oxidant injury, hypoxia, or ischemia-reperfusion (Bickler and Donohoe, 2002) .
However, not all animals are equally vulnerable to oxygen deprivation. In particular, freshwater turtles, such as the red-eared pond slider (Trachemys scripta), are able to survive from up to 48 h at room temperature to weeks at 31C in the total absence of oxygen (Lutz et al, 2003) . The turtle is able to profoundly decrease its metabolic rate such that energy utilization is matched to anaerobic energy production. This is made possible by adaptations like decreasing membrane ion permeability (channel arrest), inhibiting the release of excitatory neurotransmitters, and increasing the release of inhibitory compounds, such as GABA and adenosine (for reviews see Lutz et al, 2003; .
Adenosine is a key regulatory metabolite promoting cell survival both in the anoxic turtle and in mammalian cells, where it plays a role in preconditioning in the heart (Downey et al, 2007 ) and brain . In the turtle, adenosine plays a critical role in the initial downregulation of metabolism, potassium channel arrest and decreased NMDA receptor activity, increased brain blood flow, and decreased glutamate and dopamine release (reviewed in Lutz et al, 2003; Lutz and Milton, 2004; Milton and Lutz, 2005 It is important to note that, although not fully represented here, both pro-survival and proapoptotic functions have been suggested for all three MAPK pathways.
adenosine in an animal model that can withstand long periods of anoxia without brain death, and thus one in which it is highly likely that the up-and downregulation of particular molecular pathways are adaptive rather than pathologic. Although a great deal is known regarding the physiology of vertebrate facultative anaerobes such as Trachemys and other anoxia-tolerant turtles, the molecular pathways of anoxia tolerance have hardly been investigated. A study by Greenway and Storey (2000) in anoxic submerged turtles reported increases in ERK and JNK in the spleen and liver, respectively, with activation of the immediate-early gene transcription factors c-fos and c-Myc in the brain after 20 h. About 2 to 3 weeks of hypoxic submergence increased JNK expression in the liver but not in the cortex of the similarly anoxia-tolerant Chrysemys picta (Haddad, 2007a) , whereas ERK in the cortex increased by 5 h hypoxia (Haddad, 2007b) . The heat shock proteins Hsp72 and Hsc73 were also altered in the anoxic turtle (Prentice et al, 2004) , with high basal levels perhaps indicative of some degree of constitutive preconditioning (Prentice et al, 2004) . The purpose of the current study was to examine the timing and kinetics of ERK, JNK, p38MAPK, and Akt activation in the brains of T. scripta subjected to both shortterm (1 h) and longer (4 h) anoxia, and to determine if adenosine plays an additional role in survival by affecting MAPK activation.
Materials and methods

Tissue Preparation
All experiments were approved by the Florida Atlantic University Institutional Animal Care and Use Committee. Freshwater turtles weighing 300 to 500 g were obtained from commercial suppliers (Clive Longdon, Tallahassee, FL, USA) and maintained in freshwater aquaria on a 12 h light-dark cycle. The turtles were fed to satiation 3 times weekly on commercial turtles' chow. The animals were divided into 7 experimental groups of N = 4 to 6 individuals and subjected to one of the following treatments: control (normoxic, no drug), 1 or 4 h anoxia (no drug), 1 or 4 h anoxia with systemic administration of the nonspecific adenosine receptor (ADR) blocker aminophylline (AP, 200 mmol/L by continuous intraperitoneal perfusion, 1 mL/kg/h), and 1 or 4 h normoxia plus AP. This concentration was chosen as similar doses of AP or theophylline have been shown to affect normoxic brain blood flow (Hylland et al, 1994) , modulate anoxic dopamine release in vivo (Milton and Lutz, 2005) , reduce channel arrest, and significantly alter the anoxic suppression of EEG patterns (PL Lutz, unpublished data). A dose-response curve showed that 200 mmol/L AP significantly reduced p-ERK activation (as mentioned in Results). For experiments, animals were placed individually in sealed 2-L plastic chambers at 241C and subjected to anoxia (99.99% positive pressure (flow-through) nitrogen; Airgas, Miami, FL, USA) or normoxia (sealed chamber with flow-through air) with AP administered through an 18 g needle inserted intraperitoneally and externalized to a perfusion pump (Harvard Apparatus, Holliston, MA, USA). Control (normoxic/no drug treatment) animals were utilized directly from the aquaria. After treatment, animals were killed by decapitation and the brains removed into liquid nitrogen in less than 2 mins. For protein extraction, frozen samples were ground to powder in liquid nitrogen, resuspended in TRIzol reagent (Life Technologies, Rockville, MD, USA), homogenized in a handheld glass homogenizer, and extracted according to the manufacturer's instructions. Protein levels were determined by BCA analysis using the manufacturer's protocol (Pierce Biotechnology Inc., Rockville, IL, USA).
Immunodetection
Proteins were electrophoretically separated by SDS-polyacrylamide gel electrophoresis (12%) at 100 V for 2 h and subsequently transferred to nitrocellulose membranes (Hybond ECL; Amersham Biosciences, Piscataway, NJ, USA). Actin was used to verify equal loading of proteins. Membranes were blocked overnight at 41C in 5% nonfat dried milk in Tris-buffered saline (25 mmol/L Tris-Cl, pH 7.5, at 241C, 150 mmol/L NaCl) and then incubated with the appropriate primary antibody: rabbit polyclonal antibodies to ERK1/2 (SC-93), JNK1 (SC-571), and p38MAPK (SC-535), all from Santa Cruz Biotechnology (Santa Cruz, CA, USA); rabbit polyclonal antibody to Akt (no. 9272) and phospho-Akt (no. 9271), both from Cell Signaling Technology (Danvers, MA, USA); rabbit monoclonal antibodies to phospho-p38MAPK (no. 4631), phospho-JNK (no. 4671), phospho-ERK1/2 (no. 4376), also from Cell Signaling Technology. After washing thrice in Trisbuffered saline/Tween, membranes were incubated for 1 h with HRP-conjugated anti-rabbit secondary antibody (Southern Biotech no. 4050, Birmingham, AL, USA). The protein-antibody complex was visualized by standard chemiluminescence (Amersham Biosciences) and quantified by relative densitometry using NIH Image J image analysis software. Results were normalized to percentage of actin (utilized as a loading control, no change in anoxia (Prentice et al, 2004) ; described in the Results section), and the relative changes are expressed as percentage of control.
Statistical Analysis
Results are expressed as mean±s.e.m. Statistical significance was evaluated using analysis of variance (SAS-JMP). A value of P < 0.05 was considered statistically significant.
Results
Baseline Changes
The activation of presumptive pro-survival pathways (Akt and ERK) was evident in the anoxic turtle, with significant initial signals that disappeared as anoxia progressed. However, the JNK and p38MAPK pathways were suppressed or unchanged in anoxia. Alterations in MAPK levels were pathway-specific and not a generalized protein response to anoxia; levels of b-actin were unaltered by anoxia or by AP treatment (Figure 2) . Akt/p-Akt: Phosphorylated (activated) Akt increased significantly but temporarily; by 1 h anoxic exposure, levels increased to 323% ± 86% of basal but had decreased by 4 h anoxia to less than half (mean 41%) of normoxic controls ( Figure 3) . Conversely, the nonphosphorylated form of Akt increased continuously from 180% ± 56% to 601%±157% of basal at 1 and 4 h anoxia, respectively, such that the sum of the phosphorylated and nonphosphorylated Akt levels at 1 and 4 h anoxia were similar to each other at these time points but elevated above normoxic controls.
ERK/p-ERK:
Changes in activated ERK were the most dramatic of the protein alterations measured, with a sixfold increase in p-ERK by 1 h anoxia (Figure 4) . Like Akt activation, however, the increase was temporary, with levels returning to basal (104% ± 12%) by 4 h anoxia. The ERK levels did not change significantly from normoxic controls over 1 or 4 h anoxia.
p38MAPK/p-p38MAPK: Unlike Akt and ERK, p38MAPK activation was clearly suppressed in early anoxia, with p-p38 levels decreasing significantly to only 29% of normoxic controls by 1 h anoxia, and returning only to basal by 4 h anoxia ( Figure 5 ). The increase in nonphosphorylated p38MAPK from normoxic controls was not statistically significant, with an increase only to 166% of basal at 1 h anoxia, which returned to baseline by 4 h anoxia. Total p38MAPK remained unchanged from control levels over the anoxic exposure. JNK/p-JNK: Changes in JNK and p-JNK were small, with a modest, but statistically significant, increase in JNK at 1 h anoxia to 63% above basal, which decreased to a mean 33% below basal by 4 h anoxia ( Figure 6 ). There were no significant changes in p-JNK levels in anoxia compared with controls.
Aminophylline Exposure
Blocking ADRs through the systemic administration of the general adenosine antagonist AP significantly decreased the activation of both presumed survival pathways, p-ERK and p-Akt, but resulted in a concomitant increase in p-p38MAPK activation. Systemic administration of a range of AP concentrations from 20 to 400 mmol/L showed that responses in the turtle are dose-dependent, with mean p-ERK levels (N = 4/treatment) of 402% (1 h anoxic control animals), 395% (20 mmol/L AP), 169% (100 mmol/L AP), 105% (200 mmol/L AP), and 57% (400 mmol/L AP) of normoxic basal levels.
Akt/p-Akt: Aminophylline treatment during normoxia did not significantly alter Akt or p-Akt levels; interestingly, the initial activation of p-Akt at 1 h anoxia was abolished in AP-treated turtles (Figure 3) , with a further suppression by 4 h anoxia to below detectable levels, although 4 h anoxic p-Akt in untreated animals was also reduced below normoxic controls. Levels of the nonphosphorylated Akt in AP-treated anoxic animals also appeared to decrease compared with anoxic, untreated animals, although the differences were not statistically significant.
ERK/p-ERK: Similar to Akt, AP treatment abolished the activation of p-ERK at 1 h anoxia; however, AP treatment had no effect on p-ERK activation at 4 h anoxia; p-ERK had already returned to baseline in untreated animals and there was no further significant depression of p-ERK with AP ( Figure 4 ). Four hours of AP treatment in both normoxic and anoxic animals, however, did result in significant increases in the nonphosphorylated form of ERK.
P38MAPK/p-p38MAPK: Coincident with the abolition of ERK and Akt activation by AP, there was an increase in p-p38 MAPK. In contrast to the suppression evident in untreated, anoxic animals, p-p38 MAPK expression levels were expressed at 180%±11% of basal in AP-treated animals, a sixfold increase over 1 h anoxic controls ( Figure 5 ). At 4 h anoxia, p-p38 MAPK in AP-treated animals was only 167% of normoxic controls, which was not significantly different from normoxic or anoxic, untreated animals; by contrast, the nonphosphorylated form of p38 had increased more than sixfold over 4 h anoxia. Aminophylline treatment also significantly increased p-p38 MAPK in normoxic animals to 178%±8% and 245%±60% of untreated controls, suggesting a basal tone of p38 suppression that is maintained by adenosine even in normoxia.
JNK/p-JNK: Generally, AP treatment did not alter JNK or p-JNK levels compared with normoxic or anoxic controls, with the exception of a small (less than 50%) but statistically significant increase in nonphosphorylated JNK after 4 h normoxic AP treatment ( Figure 6 ).
Discussion
Although the physiologic mechanisms underlying the remarkable survival exhibited by anoxia-tolerant turtles have been investigated for more than 30 years, there has been relatively little work on the molecular adaptations that permit neuronal survival at the cellular level, particularly during the initial transition phase to the hypometabolic state. In this study, we show the significant but temporary activation of both ERK1/2 and PI3K/Akt pathways in the T. scripta brain in response to anoxia. Coupled to the increase in these putative pro-survival factors is the again temporary, but significant, suppression of p38 MAPK by more than two-thirds during the initial hour of anoxia, without any significant changes in p-JNK. Conversely, in mammalian hypoxia/ischemia models, increases in brain p-Akt and p-ERK Li et al, 2003) are accompanied by increases in p-JNK (Ferrer et al, 2003; Guan et al, 2006) and p-p38 MAPK (Irving et al, 2000; Sugino et al, 2000; Ferrer et al, 2003) , as oxygen deprivation triggers both pro-survival and pathologic responses. Blocking p-JNK activation or p38 MAPK activation has been shown to be neuroprotective in a number of ischemia/reperfusion and toxin studies (Sugino et al, 2000; Ma et al, 2005) . Conversely, the activation of ERK1/2 and Akt is a hallmark of the preconditioning response in the brain and heart, and is thought to regulate components of the apoptotic pathway. If one assumes that strongly upregulated pathways in the anoxic turtle are indeed protective, then it is likely that an initial upregulation of ERK and Akt increases cell survival during an oxygen deficit, and also that the suppression of p38MAPK activation is protective. The turtle, then, represents a model of anoxic survival physiology without pathology. Changes in p-JNK were minimal and were not affected by ADR blockade, and for this reason, the results of this study cannot support either a pro-survival or a proapoptotic role for JNK activation.
During the initial hour of anoxia in a turtle respiring nitrogen, blood oxygen levels decline to zero (making this a period of progressively increasing hypoxia), and as the animal has not yet entered a fully hypometabolic state, energy demand temporarily outstrips energy supply, leading to a limited but significant temporary decline in ATP and ADP (Lutz et al, 2003) . The decrease in high-energy phosphates, in turn, opens ATP-dependent potassium channels (K ATP ) and increases AD release, with extracellular AD increasing more than 12-fold to peak at about 100 mins anoxia before declining again to basal levels (Nilsson and Lutz, 1991) . By 4 h anoxia, the turtle has entered a state of greatly reduced metabolism, where energy demand can be fully met by anaerobic glycolysis (Lutz et al, 2003) : AD levels decline, K ATP channels close as ATP levels return to basal, and neurotransmitters are again released and recycled, albeit at reduced rates . Thus, the initial 1 to 2 h anoxia, the transition phase, is likely to be a time of physiologic stress and rapid metabolic change even in the anoxia-tolerant turtle, and it is during this early transition phase that we see significant changes in MAPK pathways and PI3/Akt activation. The downregulation of glutamate and dopamine release because of ADR stimulation and its effects on K + channel conductance also occur during the first 1 to 2 h anoxia in the turtle . By 4 h anoxia, other mechanisms not related to AD maintain the hypometabolic state (Milton and Lutz, 2005) . It is noteworthy that research in other model systems has suggested that a temporary upregulation of ERK1/2 provides cellular protection, but that sustained elevated levels increase cell death (Vartiainen et al, 2003; Wang et al, 2003) . Neuronal protection by an early, transient increase in Akt activation has also been reported in rats subjected to arterial occlusion (Shibata et al, 2002) .
In this model, both the upregulation of ERK1/2 and Akt and the suppression of p38MAPK appear to be linked functionally to adenosine signaling, although it cannot be determined from this in vivo study whether there are direct links between the ADRs and each of these pathways or the regulation is because molecular crosstalk. The pro-survival effects of adenosine are so numerous that it has been referred to as a 'retaliatory metabolite', balancing energy supply and demand in the energy-deficient brain (Lutz et al, 2003) . In the turtle, adenosine has been shown to impact NMDA receptor and potassium channel arrest, increase brain blood flow, and decrease the release of excitatory amino acids (for reviews see Lutz et al, 2003; Lutz and Milton, 2004) .
Administration of the general ADR blocker, AP, to anoxic Trachemys does not alter cardiac output, heart rate, or arterial blood pressure (Stecyk et 
2007)
, so the observed effects are likely because of direct effects of ADR blockade on neuronal tissues, rather than systemic effects such as decreased blood flow. This is supported by recent data from our lab indicating that the direct application of the specific AD 1 R blocker DPCPX in neuronal cultures blocks the upregulation of p-ERK and p-Akt but increases p-p38 MAPK, whereas stimulation of AD 1 R has the opposite effect (Nayak et al, in preparation) . It has already been demonstrated that treatment of turtle neuronal cultures with a specific AD 1 R agonist increases anoxic and anoxia/reoxygenation cell survival and decreases ROS (reactive oxygen species) production, whereas an AD 1 R antagonist increases ROS release and cell death .
In addition to its action as an ADR blocker, AP is utilized as a nonselective inhibitor of cyclic nucleotide phosphodiesterases (PDEs). The many isoforms of PDEs are enzymes that hydrolyze cAMP and/or cGMP (Soderling and Beavo, 2000) , and their inhibition can thus alter intracellular cAMP levels. In cultured spinal motor neurons, AP has been found to be protective against both acute ROSinduced and chronic glutamate-induced neurotoxicity, possibly through PDE5 inhibition, as specific inhibitors of PDE 1 to 4 offered no protection (Nakamizo et al, 2003) . Phosphodiesterase activity has not been measured in the turtle brain and the overall trend in our current and previous studies is for blockade of ADRs to be injurious to the anoxic turtle brain. These data suggest that potential protective effects via PDE blocking (perhaps against ROS) are likely to be relatively minor compared with the clear toxicity induced by anoxic ADR blockade.
Other factors may also affect cell survival through ERK or Akt activation. It has been hypothesized that the cellular protection provided by the rapid activation of ERK1/2 and the suppression of proapoptotic factors is due in part to the opening of K ATP in mammals (Zhang et al, 2007) . Although beyond the scope of this study, it is of interest to note that the pattern of ERK and Akt activation does mirror known changes in K ATP channel activity in the turtle brain , or K ATP may interact with ADRs (Rogel et al, 2005) . Similarly, the stimulation of delta-opioid receptors increases ERK and Bcl2 activity and counters the hypoxic activation of p38MAPK and cytochrome c release in mammals (Ma et al, 2005) . And as the turtle brain has both a much higher density and lower dissociation constant of delta-opioid receptors compared with the rat (Xia and Haddad, 2001) , it has been suggested that this factor may also increase turtle anoxic survival.
Although numerous cardiac studies in mammals have shown AD effects on ERK and Akt activation, a lesser number have examined any link between AD and these neuroprotective pathways in the brain. A 1 and A 2 ADRs are linked to ERK activation in neuronal differentiation (Canals et al, 2005) , whereas AD induces both ERK and Akt phosphor-ylation in a human glioma cell line (Jacques-Silva et al, 2004) . In astrocytes, AD agonists reduce apoptosis and induce a rapid activation of the PI3K and ERK1/2 pathways, concomitantly reducing both JNK and p38MAPK activation; levels of the proapoptotic protein Bad and antiapoptotic Bcl-X(L) are also altered to promote cell survival D'Alimonte et al, 2007) . Similarly, AD agonists administered during myocardial infarction increased Akt activation and Bcl-2 expression in the rat amygdala, thereby reducing apoptosis (Boucher et al, 2006) .
Other researchers have also reported changes in these pathways in hypoxic and anoxic submerged turtles, although under somewhat different conditions. It was recently reported that weeks of hypoxic submergence did not alter JNK expression in the cortex of the similarly anoxia-tolerant turtle C. picta, although ERK activation was significantly increased after 5 h hypoxia (Haddad, 2007a, b) . Anoxia versus submergence can result in different responses, as has been previously noted, for example, in the expression and upregulation of heat shock proteins (Prentice et al, 2004) . Other studies also differ in being cold-temperature submergence studies, where an attempt was made to replicate the turtle's natural overwintering strategy of underwater hibernation, which results in hypoxic or anoxic conditions. Thus, for example, Greenway and Storey (1999) found no increase in ERK activity in anoxic turtle hatchlings held at 51C, although brain JNK activity increased; there were significant ERK increases with freezing. Likewise, anoxic submergence at 71C did not alter brain ERK activity in adult turtles (Greenway and Storey, 2000) . It may be that at low temperatures, short-term anoxia is an insufficient stress to trigger ERK activation without the additional stress of freezing. At room temperature, however, 1 h anoxic exposure results in a number of physiologic changes, including a decline in ATP, the opening of K ATP channels, and AD release. Our results indicate that AD, in turn, results in changes at the molecular level that are likely to increase cell survival, including ERK and Akt activation and the suppression of p38MAPK.
